Introduction
Nanosecond and picosecond laser pulses play increasing role in a variety of applications, such as microsurgery, micromachining, ranging, optical parametric amplifiers pumping, remote sensing, nonlinear optics, etc. Efficient diode pumped solid state lasers represent widely used sources of such pulses. For applications such as laser ranging and some nonlinear optical effects investigation, the extremely short pulses are not needed and pulses in the range from tens of picoseconds to units of nanoseconds at repetition rates below 1 kHz are optimal. Research and development of such laser systems is the subject of this chapter.
In the diode pumped solid state laser technique several resonator configurations and pumping schemes are utilized. One of interesting setups with unique properties is bounce geometry resonator configuration (Alcock, 1997 ) when a slab active material is used and the laser beam experiences total internal reflection and amplification on the pumped crystal side. This arrangement has several advantages. The slab crystal shape allows good heat dissipation, because it is relatively thin and can be cooled from one or both sides. As a pump source, high power laser diode single bar or bar stacks can be used without bulky additional optics or radiation delivery fibers. In addition, laser resonator mode can be optimized to match the pumped region profile. Efficient operation of the bounce geometry laser pumped by the laser diode bar requires active medium with a high absorption coefficient for the pump radiation in order to obtain thin region with high gain near the pumping side. Therefore, materials as Nd:GdVO 4 and Nd:YVO 4 has challenged Nd:YAG with standard doping concentration of around 1 at.%. When recently Nd:YAG laser crystals with higher doping level (more than 2 at.%) became available (Urata, 2001) , efficient operation of these crystals under bounce geometry has been demonstrated operating at 1.06 and 1.3 µm (Sauder, 2006; 2007) . Nd:YAG crystals have better thermal and mechanical properties, and better energy storage capacity due to the longer upper state life-time in comparison with vanadates giving potential to generate more energetic pulses in the Q-switched and mode-locked regime.
Highly-energetic pulses in the nanosecond range can be obtained from the oscillator using active or passive Q-switching, which is well-known and widespread technique, mostly used under continuous pumping. In order to obtain more energetic pulses, quasi-continuous (QCW) pumping can be employed. Using the 2 at.% Nd:YAG in bounce geometry under QCW pumping, passively Q-switched operation at 1.06 µm has been reported with maximum output energy of 2.3 mJ in a 12 ns pulse (Sauder, 2006) . At 1.3 µm, actively Q-switched operation with maximum pulse energy of 1.8 mJ in 50 ns pulse was produced (Sauder, 2007) .
In order to generate pulses in the picosecond and sub-picosecond range, the laser has to be operated in the mode-locking (ML) regime. In the solid state lasers, mostly passive ML techniques are used. These techniques can be divided into several groups. One large group is based on saturable absorbers based on different materials and media. The next group of techniques involves usage of nonlinear effects of different orders. The second order nonlinearity is involved in nonlinear mirror ML (Stankov, 1988; Thomas, 2010) and the third order in Kerr-lens ML (Agnesi, 1994; Spence, 1991) . In the case of saturable absorbers, the dye saturable absorber (Schafer, 1976) was widely used in the previous decades, but because of the dye long-term instability, toxicity, and difficult manipulation, it was in the last decade replaced by solid state saturable absorbers. With the semiconductor technique development, the possibility of fabrication of the semiconductor saturable absorber with requested parameters appeared. Such absorber is based on one or more quantum wells grown on the semiconductor substrate. At the wavelength of about 1 µm, the quantum well is usually formed by the InGaAs layer with the thickness of several nanometers surrounded by the GaAs layers. As the InGaAs energy band gap is lower than GaAs band gap, it serves as a quantum well. According to the number of quantum wells and other growing parameters, the resulting characteristics, such as modulation depth, relaxation time constant, and saturation fluence can be adjusted according to the required application and laser operation conditions. Such saturable absorber is placed into the resonator in the transmission mode, usually under the Brewster's angle to avoid refections from the GaAs with high-refractive index. Alternatively, the saturable absorber structure can be grown on the Bragg mirror forming so called semiconductor saturable absorber mirror (SAM), which is placed as a rear mirror in the laser resonator and which has been widely used (Keller, 1996) . Use of SAM as the ML technique has also some disadvantages. At first the laser output power is limited by the SAM structure damage threshold. The output pulse duration is also limited by the SAM relaxation time constant. The another approach to the solid-state saturable absorber development utilizes carbon nanotubes or graphene. Mode-locking operation of Nd-doped solid state lasers using carbon nanotubes SA (Yim, 2008) or graphene SA (Lee, 2010; Tan, 2010) was recently demonstrated.
Using semiconductor SAM, the output train of low energy pulses usually under continuous pumping is produced. In order to obtain pulses with higher energy directly from the oscillator, the semiconductor saturable absorber containing multiple quantum wells with higher modulation depth can be used in the laser resonator under QCW pumping. Bounce geometry can be considered as a proper resonator configuration for efficient mode-locking operation in this pumping regime. Efficient operation of quasi-continuously pumped 1 at.% doped Nd:YAG (Kubeček, 2008) and also Nd:YVO 4 and Nd:GdVO 4 (Kubeček, 2009a; using the saturable absorber in the transmission mode was already reported.
For applications requiring more energetic pulses or higher average power, the laser oscillator output can be further amplified using a laser amplifier in various configurations involving regenerative amplifier (Luhrmann, 2009) , zigzag slab geometry (Cui, 2009; Fu, 2010) , multiple amplification media (Fu, 2009) , or hybrid fiber and solid-state system (Wushouer, 2010) . These configurations are usually based on Nd:YAG or Nd:YVO 4 active materials with concentrations below 1 at.%. Much simpler amplifier configuration providing high gain involve grazing incidence geometry based on 1 at.% Nd:YVO 4 slab crystal (Agnesi, 2008; (Koechner, 2006) . At the concentration of 2 at.% the lifetime shortening to 145 -180 µs and further at 3 at.% to 120 -130 µs (Dong, 2005; Urata, 2001 ) was reported.
In our experiments we have used a Nd:YAG slab crystal with dimensions of 30 × 5 × 2m m grown by Czochralski method with Nd concentration of 2.4 at.%. Two 5 × 2 mm end faces were angled at 68 degrees. This configuration allows the laser cavity beam to be incident at Brewster's angle to these faces and to experience total internal reflection from the diode pumped face which results in laser operation in the horizontally polarized state. The pumping face 30 × 2 mm was antireflection coated at the 808 nm pump wavelength.
As a pump source the linear single bar quasi-continuous diode array LD with the fast axis collimation, nominal output power of 180 W and repetition rate up to 100 Hz was used. This diode was mounted on the copper plate with Peltier cooling enabling fine generated radiation wavelength tuning around 808 nm to match the Nd:YAG absorption peak.
Nd 3+ lifetime measurement
The integral fluorescence decay from our crystal for excitation at the wavelength of 808 nm was measured using a Si photodiode in the spectral region above 1000 nm and is shown in 
Free-running laser operation at 1.06, 1.3 and 1.4 µm
The laser free-running operation was investigated at the output wavelengths of 1.06, 1.3, and 1.4 µm and is described in details in Kubeček (2009b) . Schematic of the laser oscillator is shown in Fig. 2 .
Generation at the wavelength of 1.06 µm was studied at first. The 17 cm long laser resonator was formed by a spherical high reflective mirror HR (radius of curvature of 300 mm) and a flat output coupler OC. Various OC reflectivities of 82, 50 and 30 % at 1.06 µm were tested. The Nd:YAG crystal was inserted approximately in the middle of the resonator. The output pulse energy with respect to the pump pulse energy is shown in Fig. 3 . The pump pulse duration was set to 200 µs. For the output coupler with reflectivity of 82 % the slope efficiency of 50 % was obtained. The maximum output energy of 17 mJ for the pump energy of 38 mJ corresponds to the optical to the optical efficiency of 44.6 %. The output beam spatial profile was elliptical in the horizontal axis and is shown in the inset of Fig. 3 (for the output coupler reflectivity of 50 %). The slab shape with uncoated faces allowing the laser beam to be incident on the Nd:YAG at the Brewster's angle has the advantage in possibility of using the same crystal for generation at different wavelengths. We have successfully investigated efficient operation at 1.3 and 1.4 µm and the results were compared with values obtained for the generation at 1.06 µm. For the generation at 1.3 µm the HR mirror (radius of curvature of 150 mm) was highly reflective in this spectral region and had low reflectivity at 1.06 µm. The laser resonator was 95 mm long. For the generation at 1.4 µm the curvature of this mirror was the same, but the mirror was highly reflective at 1.4 µm. The output pulse energy with respect to the pump pulse energy is shown in Fig. 4 . The maximum output energy at 1.3 µm was 8.5 mJ for the pump energy of 38 mJ and was obtained using the output coupler with reflectivity of 94 %. This corresponds to the optical to optical efficiency of 22.5 % and slope efficiency of 26 %. The lowest curve in Fig. 4 shows the output pulse energy at 1.4 µm versus pump pulse energy.
The maximum output energy of 1.5 mJ for the pump energy of 38 mJ was obtained using output coupler with reflectivity of 96 %. This corresponds to the optical to optical efficiency of 4.1 % and slope efficiency of 8.4 %.
4. Passively Q-switched laser operation at 1.06 and 1.3 µm Q-switched laser operation was investigated at the output wavelengths of 1.06 and 1.3 µm and is described in details in Jelínek (2011a) .
The laser resonator schematic was similar to that used in the free-running regime (shown in Fig. 2) . At 1.06 µm the 80 mm long optical resonator was formed by a spherical high reflective mirror HR (radius of curvature of 300 mm) and a flat output coupler OC with reflectivity of 50 %. In order to obtain Q-switched regime, two 5 mm long anti-reflection (AR) coated Cr:YAG crystals with low signal transmission of 58 % (corresponding to the total low power transmission of 34 %) were introduced into the resonator close to the output coupler OC. Stable Q-switched operation was obtained for the pump energy of 17 mJ. The single 5 ns output pulse with energy of 1.3 mJ was generated directly from the oscillator and its oscillogram is shown in Fig. 5 . The output beam spatial profile was Gaussian in both axes and is shown in the inset of the figure. At 1.3 µm the 100 mm long optical resonator was formed by a spherical high reflective mirror HR (radius of curvature of 300 mm) and a flat output coupler OC with reflectivity of 70 %a t1 . 3µm. Both dichroic mirrors have low reflectivity at wavelength of 1064 nm. As a saturable absorber V:YAG crystal with low signal transmission of 60 % and AR coating was used. Because of possible AR coating damage the saturable absorber was placed close to the rear high reflective mirror HR, where the fundamental laser mode radius is larger. Stable Q-switched operation at 1.3 µm was obtained for the pump energy of 30 mJ, which is nearly two times higher than the pump energy for the operation at 1.06 µm, caused by lower gain at 1.3 µm transition. Generation at the single wavelength of 1338 nm was confirmed by the spectrometer (Ocean Optics NIR512). The 13 ns output pulse with energy of 600 µJ was generated directly from the oscillator and its oscillogram is shown in Fig. 6 . The output beam spatial profile shown in the inset of the figure was investigated by a standard silicon CCD camera. Because of its low sensitivity in this region the measured signal was quite low but it can be deduced that the beam profile was approximately Gaussian in both axes.
Passively mode-locked laser operation at 1.06 µm
In order to obtain mode-locked laser operation, two types of semiconductor saturable absorbers (SA) were tested. In the first case the SA in the transmission mode was used and the output characteristics were compared with the characteristics of the laser mode-locked using the semiconductor saturable absorber mirror (SAM).
Laser mode-locking by saturable absorber in transmission mode
In the transmission mode two saturable absorbers were investigated in two resonator configurations. The saturable absorbers were grown by molecular beam epitaxy at the Center for High Technology Materials of the University of New Mexico (Diels, 2006; Kubeček, 2009c) . The structures were grown on the 400 µm thick GaAs substrates and consisted of 33 or 100 quantum wells (QW) formed by the periods of 9 nm thick In 0.275 Ga 0.725 As and 11 nm thick GaAs layers grown at low temperature (around 350 • C) in order to decrease the carrier lifetime to the value less than 50 ps (Gupta, 1992) . Number of the QWs determines the saturable absorber modulation depth and low-power transmission which were in the case of the SA with 100 QW measured to be ∼25 % and ∼50 %, respectively. In the case of SA with 33 QW the modulation depth is lower. The GaAs substrate can be used also as a nonlinear element for passive negative feedback by beam defocusing (Corno, 1990; Diels, 2006) . The laser resonators differ in length between 25 and 116 cm and also in the ratio of the beam radius inside the Nd:YAG crystal and on the SA. The experimental details are described in Jelínek (2010; 2011b) .
Laser operation with short resonator
A schematic diagram of the mode-locked laser oscillator in the configuration (A) is shown in Fig. 7a . The 250 mm long laser resonator was formed by the spherical high reflective mirror HR (radius of curvature of 300 mm) and a flat output coupler OC with reflectivity of 30 %. The Nd:YAG crystal was inserted at a distance of 130 mm from the OC. The fundamental laser beam profile inside the resonator was calculated by software Psst (University of St Andrews, United Kingdom). According to this calculation the beam diameter in the crystal was approximately 600 µm and its diameter on the SA was 400 µm. In order to obtain better spatial overlap between the pump and smaller laser beam, a cylindrical focusing lens L1 (f = 50 mm) was used to focus the pumping radiation. The laser was passively mode-locked by a multiple quantum well semiconductor saturable absorbers (SA) inserted into the resonator close to the OC under the Brewster's angle in the transmission mode. Two different samples of saturable absorbers, consisted of 33 and 100 quantum wells (QW), were investigated. In addition its GaAs substrate served also as nonlinear element for passive negative feedback by beam defocusing.
Using the SA consisting 33 QW, the mode-locking threshold was achieved for pump energy of 17.5 mJ in 150 µs pulse. Pulse duration evolution along the train was measured by a fast oscilloscope LeCroy SDA 9000 and a PIN photodiode EOT ET-3500 and a typical output pulse train oscillogram together with details of the pulses at the beginning and the end of the train are shown in Fig. 8 . The oscilloscope-photodiode system response time was 75 ps.
The measured pulse width was consequently recalculated using the experimentally determined oscilloscope-photodiode instrumental limit and sum of square method, which is in details described in Jelínek (2011c); Kubeček (2009d) . Although the absolute calculated pulse duration may not be precise, pulse shortening from initial 120 ps to final 35 ps can be clearly observed and in summary is shown in Fig. 9 . The whole train consisted of 100 pulses and its Usage of the saturable absorber with 100 quantum wells resulted in higher mode-locking threshold (pump energy of 25 mJ in 180 µs pulse) and also to lengthening of the pulse train. The typical output pulse train oscillogram together with detail of the pulses in the middle of the train is shown in Fig. 10 . In this case significant pulse shortening was not observed, the pulse duration of 30 ps remained at approximately constant value from the beginning along the whole train, as can be seen in Fig. 9 . The whole train consisted of more than 300 pulses and its energy reached 500 µJ.
Using both saturable absorbers the extended pulse trains typical for passive negative feedback regime of operation were obtained. The corresponding pulse shortening along the train was observed only for pulses with initial pulse duration of 120 ps. With higher depth of modulation the shortening of initially 30 ps long pulses was not observed probably due to the limit of resolution of our detection system. Fig. 10 . Oscillogram of the output pulse train using the SA consisted of 100 QWs from the laser resonator A (250 mm long) -upper trace and details of the pulse shapes in the middle of the train -lower traces.
Laser operation with long resonator
In order to obtain shorter pulse trains with longer interval between pulses, which is necessary for cavity dumping, a longer resonator configuration was used. The experimental setup is in details described in Jelínek (2011b) .
A schematic diagram of this investigated laser oscillator in configuration B is shown in Fig.  7b . The 116 cm long optical resonator was formed by a flat output coupler OC with the reflectivity of 30% at 1.06 µm, a high reflective folding mirror M1 with the radius of curvature of 1 m, a flat mirror M2, and a flat rear mirror M3. The laser was passively mode-locked by a multiple quantum well saturable absorber SA consisted of 100 quantum wells, inserted into the resonator under the Brewster's angle in transmission mode. The fundamental laser beam profile inside the crystal was approximately 1080 µm and its diameter on the SA was 640 µm.
The mode-locking operation threshold was obtained for the pump energy of 39 mJ in 270 µs long pulse. The output pulse train energy reached 900 µJ and its spatial profile was approximately Gaussian in both axes but slightly elliptical in the horizontal axis and is shown in the inset of Fig. 11 . The train consisted of 7 pulses (at half-maximum) and the recorded oscillogram is shown in Fig. 11 . Lower graphs show pulse duration histograms of the highest pulse (pulse no. 1) and the pulse no. 4. The Gaussian approximations of the histograms show only small decrease in the pulse duration from initial 76 to 69 ps. Increase in pulse duration stability is also observable, the Gaussian fit FWHM of the histogram decreased from 24 to 19 ps.
Single pulse extraction using cavity dumping
In order to obtain single mode-locked pulse, the cavity dumping technique was used. Into the resonator a KD*P Pockels cell PC and a Glan laser polarizer P were inserted. The radiation transmitted through the output coupler OC was used to trigger a high voltage generator supplying quarter wave step 4.8 kV signal (rise time below 7 ns) for the Pockels cell. The single pulse with the maximum amplitude from the train (pulse no. 1) was extracted with the energy of 30 µJ. In order to obtain maximum energy in the single pulse directly from the oscillator, the 50% output coupler was used. The pump energy of mode-locking operation threshold decreased to 26 mJ in 180 µs long pulse. The whole output train energy with this output coupler was 500 µJ (measured behind M1 without cavity dumping). The extracted single pulse energy increased to 75±7 µJ and the contrast was better than 10 −3 . The pulse duration histogram was also measured and is shown in Fig. 12 . Its Gaussian approximation gives the mean pulse duration of 113 ps. It can be seen that using the 50% output coupler the pulse duration is longer than using 30 % output coupler which corresponds to the lower saturated gain coefficient in the Nd:YAG.
Laser mode-locking by saturable absorber mirror
Simpler mode-locked laser configuration was obtained using a saturable absorber mirror (SAM) with high modulation depth. The experimental details and results listed below are in details described in Jelínek (2011d) .
The laser oscillator schematic is shown in Fig. 13 . The 112 cm long optical resonator was formed by a flat output coupler OC with reflectivity of 30 % at 1.06 µm, a highly reflective folding mirror M1 with the radius of curvature of 1 m, and a flat mirror M2. For passive mode-locking regime a commercially-available semiconductor anti-resonant saturable absorber mirror (SAM) with absorbance of 50 %, modulation depth of 25 %, and relaxation Stable mode-locked laser operation was obtained at the pump energy of 25 mJ in 180 µs long pulse. The 500 µJ output pulse train consisted of ∼ 15 pulses (at half-maximum) is shown in Fig. 14.
The output beam spatial profile was close to Gaussian in both axes and is shown in the inset of Fig. 14 . Duration of the pulse with the maximum amplitude in the train was measured by the streak camera resulting in the value of 15 ps. The pulse duration stability measured from 10 successive laser shots was better than 2 ps and pulse train stretching was not observed. The duration of the pulse with maximum amplitude was also confirmed by the SHG autocorrelator. Assuming the Gaussian pulse shape the real pulse duration (measured from 1000 laser shots) was calculated to be 16 ps which is in the good agreement with the streak camera measurement. The streak camera and the autocorrelator records can be found in Jelínek (2011d) . Fig. 13 . Schematic of the Nd:YAG laser oscillator in the mode-locked regime using saturable absorber mirror (SAM).
Single pulse extraction using cavity dumping
A single pulse was extracted from the output pulse train by the cavity dumping technique, as it was described in section 5.1.3. In order to obtain high energy single pulse directly from the oscillator, the output coupler with reflectivity of 70 % was used. Stable mode-locked laser operation was obtained at the pump energy of 19 mJ. Oscillogram of the output pulse train (measured behind the OC) and the extracted single pulse with energy of 25 µJ are shown in Fig. 15 . The beam spatial profile was nearly Gaussian in both axes and is shown in the inset of the figure. Duration of the pulse was 17 ps with the stability better than 2 ps. The temporal profile measured by the streak camera is shown in Fig. 16 . Inset shows the streak camera record of the pulse and its replica reflected from the 5 mm BK7 plate corresponding to the delay of 50 ps between pulses. In comparison with our previous results described in section 5.1.3, significant (about 5 times) pulse duration shortening and stability improvement was achieved. 
Diode pumped Nd:YAG amplifier in bounce geometry
Performance of the Nd:YAG laser crystal in bounce geometry was also investigated in the single pass amplifier configuration and is in details described in Jelínek (2011a; b) . The input pulse diameter was adjusted by a spherical lens to obtain good overlap with the pumped region. Several laser sources generating pulses in the range from 100 ps to 5 ns were used to provide the amplifier input fluence in the range from ∼ 1 µJ/cm 2 to 3 J/cm 2 . According to the laser source performance and certain amplifier setup the pump pulse duration ranging Fig. 16 . Streak camera record of the ML Nd:YAG laser extracted pulse temporal profile (dots) and its Gaussian fit (red line). from 200 to 300 µs with the energy from 29 to 42 mJ was used. Resulting amplification factor is shown in Fig. 17 . It can be seen that in the weak signal regime (∼ 1 µJ/cm 2 ), amplification up to 93 was obtained. In the strong signal regime (3 J/cm 2 ), the 1.3 mJ seed pulse was amplified to 3.5 mJ corresponding to the strong signal amplification about 3 times.
Conclusion
Operation of the highly 2.4 at.% doped Nd:YAG laser in bounce geometry under quasi-continuous pumping was investigated. The laser was operated in free-running, Q-switched and mode-locked regime. In the free-running regime, efficient operation at the wavelengths of 1.06, 1.3 and 1.4 µm was demonstrated with slope efficiencies of 50, 26, and 8 %, respectively. In the passively Q-switched regime at 1.06 µm, the 5 ns output pulses with the energy of 1.3 mJ were generated. At 1.34 µm, the 13 ns output pulses with energy of 600 µJ were generated.
In order to obtain passively mode-locked regime, two types of saturable absorbers inserted into the resonator either in the transmission or reflection mode were tested. Using the saturable absorber with lower modulation depth (33 quantum wells) in the transmission mode, pulse duration shortening along the extended output pulse train from initial 120 to 35 ps was observed. Whole pulse train energy was 170 µJ. Using the saturable absorber with higher modulation depth (100 quantum wells), the 500 µJ train of 300 pulses with duration of 30 ps was generated without significant shortening effect. In order to be able to extract single pulse from the train, longer laser resonator was constructed. Using the cavity dumping technique, the single 75 µJ pulse with the duration of 113 ± 22 ps was extracted from the resonator.
Simpler mode-locked laser configuration was obtained using a saturable absorber mirror (SAM) with modulation depth of 25 %. The 500 µJ output pulse train consisted of 15 pulses with duration of 15 ps. By the cavity dumping technique, the single 25 µJ pulse with stable duration of 17 ps and Gaussian spatial profile was extracted from the resonator.
Single pass amplification using the Nd:YAG crystal in bounce geometry was also investigated in the weak and also strong signal regime. In the weak signal regime (∼ 1 µJ/cm 2 ), amplification up to 93 was obtained. In the strong signal regime (3 J/cm 2 ), the 1.3 mJ seed pulse was amplified to 3.5 mJ corresponding to the strong signal amplification about 3 times.
